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ABSTRACT 
The elastic responses of crystalline and amorphous parts in semi-crystalline nylon 6 are 
determined by computer simulation using the finite element method. Semi-crystalline nylon 6 is 
modelled as a composite consisting of alternating layers of lamellar crystals and amorphous 
regions. Full morphological details identified by Lin and Argon 1 in their highly textured nylon 6 
bulk samples are incorporated in the model. An optimization scheme is employed to systemati-
cally search for the individual components' elastic constants which give rise to a composite elas-
tic behavior as that measured by Lin and Argon 1. A two-dimensional plane strain finite element 
analysis is performed to evaluate the composite elastic behavior for given set of constituents' 
elastic constants. The resulted elastic constants of semi-crystalline nylon 6 for the optimized val-
ues of crystalline and amorphous elastic properties are within 6% average error with the experi-
mental data. The computations also reveal that high stress concentration exists in the crystalline 
region. Therefore, experimental measurements of plastic resistance may represent a significant 
underestimate of the intrinsic critical resolved shear strength of polymer crystals. 
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I. Introduction 
Mechanical properties of semi-crystalline polymers have been of interests to researchers for 
decades14, simply because they are parameters of first order importance in characterizing 
mechanical behaviors of these materials. It is well known that polymers possess anisotropic 
mechanical properties after a large-deformation process, such as drawing, rolling or compression. 
The anisotropic macroscopic behaviors can be attributed to the texture or orientation distribution 
of molecules, developed during the deformation, and the intrinsically different bonding forces 
between atoms. Along with the new findings concerning their microstructures and morphologies, 
deformation mechanisms in semi-crystalline polymers are being gradually revealed5. Recently, 
bulk samples of semi-crystalline nylon 6, with dual lattice orientations but in overall orthotropic 
symmetry and with simple and well defined lamellar morphology in near quasi-crystal perfection, 
were obtained by plane-strain compression in a deep channel die1. Taking advantage of the large 
size of these samples, a complete set of nine elastic constants of highly textured nylon 6 were 
measured by a simple mechanical testing technique. Furthermore, different plastic deformation 
systems in this material. were identified, and the corresponding plastic resistances were measured. 
These macroscopic measurements have provided important information which are useful in 
obtaining microscopic mechanical properties of both the crystalline and the amorphous compo-
nents of the material. 
In order to accurately interpret and, moreover, predict the elastic and plastic responses of a 
bulk semi-crystalline polymer of a specific texture and morphology such as those made of spheru-
lites, it is crucial to know the mechanical properties of both crystalline part and amorphous part, 
in addition to a thorough knowledge of the texture and morphology of the material. Elastic con-
stants of polymer crystals have been estimated according to lattice dynamics theory6. An easier 
but more sophisticated method to calculate elastic constants of polymer crystals with more com-
plicated structures was developed7 and applied to several semi-crystalline polymers including 
nylon 68. However, there is very limited experimental information available to verify these theo-
retical calculations9-11 . For the amorphous region of semi-crystalline bulk polymers, we know not 
only very little about their mechanical properties 12, but a fundamental issue on how molecules re-
enter into lamellar crystals from which they emerged is still controversial 13. 
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Despite the insufficiency of information, attempts were made to relate macroscopic mea-
surements to micro-mechanical properties and morphological details of semi-crystalline poly-
mers. An aggregate model, proposed by Ward14, considers polymers as a random aggregate of 
anisotropic units. Although this model is in principle only valid for amorphous polymers, it pro-
vides a good first approximation of mechanical properties for semi-crystalline polymers15•16. On 
the other hand, Takayanagi model17 has been widely applied to quantitatively characterize highly 
oriented semi-crystalline polymers. This model has been generalized to two-dimensional18 and, 
recently, three-dimensional2 cases, and has been further modified to analyze shear behavior2. The 
Takayanagi model17 recognizes the two-phase nature of semi-crystalline polymers, but it lumps 
crystalline regions and amorphous regions into blocks joining in series or/and parallel so that it 
fails to take into account the morphological features of the materials. A different two-phase model 
suggested by Halpin and Kardos19•20 showed that the geometry effects and orientation effects of 
lamellar crystals embedded in amorphous materials can be very critical, and may cause the elastic 
constants to vary by a factor of ten or more. In a multi-step study of polymers with spherulitic 
structures, Wang21-23 calculated elastic constants at three different scales (lamellae, spherulites, 
and bulk) with detailed considerations of morphology of the materials. One of the principal 
assumptions he made to make the problem tractable was local transverse isotropy about the radius 
of spherulites. The composite theories of Hi1124, Hermans25, and Kroner26 were applied in 
Wang's calculations to account for mechanical interactions between the two phases and between 
individual spherulites. Although an elegant approach, Wang's sch~me has not been adopted by 
others, probably due to its complexity. Nevertheless, it is very difficult to apply Wang's method to 
evaluate micro-mechanical properties of individual constituents from macroscopic measurements. 
The present communication is an attempt to reveal the individual elastic responses of the 
crystalline part and the amorphous part in nylon 6 by computer simulation using the finite element 
method. The particular sets of elastic constants for crystalline and amorphous parts which result 
in the elasti~ response of the textured nylon 6 are searched through an optimization scheme. The 
respective elastic constants for crystalline and amorphous parts obtained through this simulation 
are compared with other people's theoretical and experimental studies. Furthermore, plastic resis-
tance of the material could also be studied in principle for any given morphology once the critical 
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resolved shear strengths in different slip systems are known. 
II. Problem Formulation 
Highly textured, semi-crystalline nylon 6 is modeled as a composite consisting of crystalline 
part and amorphous part, each with its own elastic properties. The objective is to find the set of 
elastic constants for crystalline and amorphous parts which give rise to the composite elastic 
behaviors of nylon 6 as that measured by Lin and Argon 1. The elastic constants of the constituents 
are systematically guessed through an algorithm to be discussed in the next section, and the com-
posite' s elastic response will be calculated and compared with the experimental data until they 
match each other. The finite element method was used to calculate the composite elastic response 
for given set of constituents elastic constants. The finite element software ABAQUS29 was 
employed in the calculation. 
2.1 Basic model configuration 
Through small-angle X-ray scattering measurements, Lin and Argon1 concluded that in tex-
tured nylon 6, obtained by plane-strain channel-die compression to a compression ratio of 3.8 to 
4.0, the monoclinic lamellae are straight in the constrained direction (CD) but are S (or arc) 
shaped with continuously-varying thickness along the loading direction (LD), Fig. 1. For simplic-
ity, a two-dimensional configuI"ation is considered in our calculation. We take a representative 
layer in the plane of loading direction (LD) and flow direction (FD) (see Fig. 1), on which the 
alternating crystalline and amorphous, wavy-shaped monoclinic lamellae are exposed. The basic 
configuration used in this study is shown in Fig. 2, where I-direction is the loading direction and 
2 the flow direction (note this is different from the coordinate system used by Lin and Argon1). 
The wavy monoclinic lamellae are approximated by sine curves. The middle part of the 
model is the alternating crystalline and amorphous, monoclinic lamellae. The crystallinity of the 
lamellae is 43.4% which is the same as the experimentally measured value for a compression ratio 
of 4.0 by Lin and Argon 1. For the convenience of computation, the model is filled up to a rectan-
gular shape. Following the arguments of self-consistent method, the elastic property of the filled 
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portion (top and bottom regions of the model) is taken to be the composite property from Lin and 
Argon's experimental measurement1. The finite element mesh for this model is shown in Fig. 3. 
Plane strain 8-node biquadratic elements with reduced integration points are used. Theory of 
small deformation is employed in the calculation. 
It was found that nylon 6 crystals in the textured material were predominantly in monoclinic 
a form, and its (200) planes are statistically-equally divided and oriented with their normals in the 
directions of ±21 ° with respect to the constrained direction. Therefore, the elastic property of the 
crystalline part in textured nylon 6 is orthotropic with principal directions along LD, FD and CD. 
On the other hand, the amorphous part has a transverse isotropic elastic property with its symme-
try axis normal to the plane of lamellae. Since the principal axes of the crystalline and the arnor-
.phous parts coincide, the larnellae elastic response exhibits orthotropic symmetry with 9 
independent elastic constants, as was shown by Lin and Argon's measurements1. In the current 
study, the elastic response of the crystalline part is assumed to obey Hooke's law, as 
£11 S11 S12 S13 
0 0 0 
0'11 
£22 S12 S22 S23 0 0 0 0'22 
§33 S13 S23 S33 0 0 0 0'33 = (1) 
2£23 0 0 0 sc 0 0 0'23 44 
2£31 0 0 0 0 S~s 0 0'31 
2£12 0 0 0 0 o s~6 0"12 
where St are the components of compliance matrix of the crystalline part with 9 independent 
components, crij and Ei_j are stress and strain components, respectively. Whereas the elastic 
response of the amorphous part obeys 
£11 S~l S~2 S~3 
0 0 0 
0'11 
£22 st2 s~2 st2 0 0 0 0"22 
E33 Sf3 Sf2 sr1 0 0 0 0"33 
= (2) 
2£23 0 0 0 s~6 0 0 0"23 
2£31 0 0 0 0 2 (S11 - St3) 0 0"31 
2£12 0 0 0 0 0 s66 0"12 
5 
~------
where the number of independent components is 5 for the transverse isotropic symmetry. The 
stiffness matrices can be obtained by inverting the compliance matrices. For the plane strain 
deformation considered here, the constants S~, S~5 of the crystalline part and S~ = S66, 
S~5 = 2 (S11 - S13) of the amorphous part will not affect the in-plane elastic response. There-
fore, they can not be determined by the current simulation. A complete three-dimensional analysis 
must be performed to obtain these constants, though S~ and S~5 are not independent material 
constants in this case. 
To obtain the composite elastic constants, three different loadings are applied: plane strain 
tension in 1 direction, o-~1 ; plane strain tension in 2 direction, a;2 ; and a simple shear stress, cr~2 . 
In all three cases, the magnitude of the applied stress is 1 MPa which is well within the elastic 
range for this material (typical yield strength of this material is found to be 15-30 MPa). The 
deformation under this stress level is small enough so that linear theory is adequate. To calculate 
the global strains corresponding to the applied stresses, the average strain is calculated using the 
average displacements at the edges of the mesh. For the tensile loadings, to avoid the distortion 
caused by the wavy lamellae, the displacements of the nodes on the edges (Fig. 3) are constrained 
such that the nodes on the left edge and that on the right edge have the same respective displace-
ments in I -direction, whereas those on the top and bottom edges have the same respective dis-
placements in 2-direction. 
2.2 Typical finite element result 
In order to check whether the wavy shaped finite element mesh has any effects on the 
numerical results for even a homogeneous media, we first assigned the elastic property of the 
composite (experimentally measured values) to all elements, and calculated the global elastic 
response. The results show that the wavy mesh has no effects on the behavior of a homogeneous 
material. The elastic property of individual elements can be completely recovered at the global 
level. 
For a composite consisting crystalline and amorphous parts, typical deformed finite element 
mesh under the applied tensile and shear stresses are shown in Figs. 4a-4c. The solid lines repre-
sent the displaced mesh, and the broken lines are the original mesh before deformation. To visual-
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ize the deformation more clearly, the displacements in the plots are magnified by a factor of 5. It is 
clear from the figures that, to a crude approximation, the deformations under the tensile stresses 
are rather uniform throughout the whole body; but the deformation under the shear stress is not 
very uniform. 
The stress and strain distributions within the lamellae are rather complicated due to the 
nature of the wavy lamellae morphology. Fig. 5 shows the von Mises equivalent stress O'e distribu-
tion under globally applied cr~1 . It is noted that even under the uniform global tensile stress, there 
will be substantial shear stresses in the lamellae. The equivalent stress can be as high as 4.5 MPa 
at some locations in the crystalline part, although the applied far field stress is only 1 MPa. This 
feature will no doubt affect the plastic resistance of semi-crystalline polymers. We will discuss it 
further later in this paper. 
III. Optimization Techniques 
As we mentioned before, the objective of this work is to find the set of elastic constants for 
crystalline and amorphous parts which will result in the same composite elastic response as that 
measured by Lin and Argon 1. During the calculation, for each step, the elastic constants of the 
crystalline and the amorphous part are modified, the resulted elasticity matrix of the composite 
will be evaluated which, for our plane strain configuration, yields four components of the stiffness 
matrix: C11, C12, C22, and C66- The following objective function is then constructed to measure 
the "closeness" between the simulated elastic response and the experimentally measured elastic 
response of semi-crystalline nylon 6, 
F(Cu, C12• C22• c66) = (Cu -Ci1) 2 + (C12- Ciz) 2 + (C22 - c;2> 2 + (C66 -C66) 2, (3) 
where Ci 1=12.7733 GPa, Ci2=12.4236 GPa, c;2=19.0171 GPa, and C66=0.51125 GPa are 
experimentally measured values which are listed in Table 1. Apparently, the objective now 
becomes to search for the constituent elastic constants which minimize the function F, which is a 
typical multi-variable optimization problem. 
For the plane strain problem, the variables to be optimized are the components of compli-
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ance matrix for crystalline part S'[j (except S~ and S~5) and the components of compliance 
matrix for amorphous part si. In our calculation, the initial values of the elastic constants for the 
crystalline part are taken from the theoretical calculation by Tashiro and Tadakoro8. The initial 
values of the elastic constants Sf 1 and S~2 are taken from the experimental measurement by Pre-
vorsek et al.30, and the initial values of the elastic constants Sf 2, Sf3 and S~6 are taken from the 
measurement by Lin and Argon 1 on the textured material. The value of S~2 (measured by Pre-
vorsek et al. 30) is fixed during optimization (if none of the components is fixed, the obvious opti-
mized values would be that both crystalline and amorphous parts possess the composite property, 
leading to a zero minimum error for function F), thus the total number of variables is 11 in this 
optimization problem. 
For each step of optimization, the condition of non-negative elastic strain energy requires that 
the elasticity matrices must be positive-definite. In other words, all components of the stiffness 
matrices must be larger than or equal to zero; the diagonal components of the compliance matri-
ces must be positive, whereas the off-diagonal components of the compliance matrices must be 
less than or equal to zero. These requirements highly restrict the application of conventional opti-
mization methods based on gradient vectors or Hessian matrices. For this specific optimization 
problem, we find that Powell's direct search method31 , which makes use of the function values di-
rectly without calculating their derivatives, is preferred. By searching in the directions which are 
mutually conjugate (according to Powell' optimization scheme31), the objective function F has 
been minimized successfully. 
The values of the objective function F as a function of step numbers is plotted in Fig. 6. The 
value decreases rapidly at the beginning, and levels off gradually. The final value of Fis about 
0.68% of the initial value based on the initial guess of constituent elastic constants. 
IV. Results and Discussion 
The calculated values of the four composite elastic constants, C11, C12, C22, and C66 for 
two-dimensional configuration using the optimized constituent elastic properties are given in 
Table 1, along with the experimental results by Lin and Argon 1. Three of our calculated elastic 
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constants, Cn, C12, and c22, match Lin and Argon's experimental data very well. Only the shear 
component c66 differs from the experimental results with a high percentage error. The experi-
mental data shows a much lower shear resistance of the materials than the calculation prediction. 
It is also noted that the shear modulus of textured nylon 6 is more than one order of magnitude 
lower than the corresponding Young's modulus. The material is very "soft" in shear. With the 
objective function defined in (3), the error sensitivity is based on the absolute error, so it is not 
very sensitive to the relatively small quantities percentage-wise. Nevertheless, if we take a relative 
error for each component as the percentage of the experimental data, X, as, 
lc11 - C11l IC22 - Cizl lc12 - Chi jc66 - c~61 
x = c11 = Ci2 = Ch = c~ ' (4) 
the objective function for a uniform percentage error, X, would be given as, 
(5) 
Compare with the final value of function F obtained by our calculation, our relative error is equiv-
alent to an "across-the-board" percentage error of 5.66% when compared to the experimental 
measurements of Lin and Argon1. Considering the experimental scattering (see Lin's thesis32), 
this average percentage error is considered very acceptable. 
Table 1 also shows the experimental data of elastic constants measured by Leung et al. 33 at 
about 25°C (we should point out that in Table IV of Lin and Argon 1, the data of Leung et al.33 at 
a different temperature, -40°C, were quoted). Our simulated elastic constants are generally higher 
than their data. This could be attributed to two factors. First, the crystallinity of their textured 
material is 39.2% whereas we used 43.3% in our simulation. This partly explains why our mate-
rial is stiffer than theirs because higher crystallinity usually results in higher tensile elastic resis-
tance, although not necessarily higher shear resistance. Second, their textured material was 
obtained by uniaxial drawing, thus possesses a different morphology. Their material is transverse 
isotropic with symmetry axis along the drawing direction (flow direction). Therefore, direct com-
parison of these two results is somewhat misleading. 
However, if a complete three dimensional analysis were performed, we would be able to 
predict the transverse isotropic behaviors using the complete set of nine elastic constants for crys-
talline part and 5 elastic constants for amorphous part for a given morphology. Although this 
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information is not known, we can still use the nine elastic constants for textured orthortropic 
nylon 6 obtained by· Lin and Argon 1 to estimate the five elastic constants of the corresponding 
transverse isotropic material obtained by uniaxial drawing as that by Leung et al33. We performed 
a simple analysis to convert the orthortropic material behavior to a transverse isotropic property. 
The basic assumption here is that the lamellae are randomly oriented in the plane normal to the 
drawing direction (flow direction), thus the density of (200) and (002) planes along any direction 
normal to the drawing direction must be the same. Based on this argument, the five elastic con-
stants of the transverse isotrop~c material were obtained using the nine constants from Lin and 
Argon 1 for orthortropic material. Detailed derivations which make use of coordinate transforma-
tion and averaging techniques are given in the Appendix. The resulted five compliance compo-
nents are listed in Table 2. and co~pared with the results by Leung et al. 33 at 25°C (We should 
also point out that the compliance components calculated in Leung et al.33 from the stiffness 
matrix were not very accurate. We re-calculated them to make sure that the compliance matrix is 
the inverse of the stiffness matrix). The agreement is surprisingly good. Considering the fact that 
the crystallinity of textured material by Lin and Argon 1 is slightly higher than that by Leung et 
al.33 (43.3%1 vs. 39.2%33), the slightly lower values of tensile compliances and the slightly 
higher value of shear compliance of Lin and Argon's results are exactly what we should expect. 
The compliance components for crystalline part which minimize the objective function are 
given in Table 3. Column 2 and 3 of Table 3 are the theoretically calculated values by Tashiro and 
Tadokoro8 and experimentally measured values from the crystalline regions by Sakurada and 
Kaji34, respectively. Our simulation results of the compliance components are consistently lower 
than those measured by Sakurada and Kaji34, which indicates that the crystalline part is stiffer in 
both loading and flow directions than the material tested by them. Compared to the theoretical cal-
culation by Tashiro and Tadokoro8• our results have the same trend as that predicted by them, 
although the numerical values are different. The prediction of the compliance in loading direction 
S~ 1 by our simulation is low~r than their theoretical calculation (more stiff), whereas the compli-
ances in flow direction (chain direction) and constrained directions are higher than the theoretical 
calculation (softer). More noteworthy is the shear compliance for which our simulated value is 
lower than the theoretical calculation by a factor of more than 2. Our simulation results for both 
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crystalline S~6 and amorphous S~6 seem to be rather low. It is unclear to us what the reason could 
be for this discrepancy. 
The optimal values of the compliances of the amorphous part are given in Table 4. Since we 
used the experimental data of Prevorsek et al. 30 for S~2 as the given datum, we did not consider 
this compliance component as variable during our simulation. As expected, the compliances of 
the amorphous part S11, S~2 and S:h are notably higher than the corresponding components of the 
crystalline part. But the shear compliance S~6 is lower than the corresponding compliance for 
crystalline part S~6 • indicating that the entangled chains in amorphous part can provide more 
resistance to shear deformation than the well aligned chains with predominantly Van der Waals 
bonding between them in the crystalline part. 
V. Concluding Remarks 
In this study we have obtained the elastic constants of the constituents of semi-crystalline 
nylon 6, crystalline part and amorphous part, by computer simulation of a known morphology of 
the material. In principle, we could apply this technique to study the two important effects in 
polymer deformations, temperature effect and humidity effect, on the crystalline part and the 
amorphous part respectively, provided their effects on semi-crystalline nylon 6 are known. The 
complete understanding of the individual behavior of the crystalline and amorphous parts over a 
range of temperature and humidity will provide a powerful tool for predicting the behaviors of 
real engineering polymeric materials. 
It is easy to note that the application of this technique is not limited to nylon 6. It can be 
applied to any semi-crystalline polymeric material provided the morphology of that material is 
known. Furthermore, sensitivity of mechanical response of semi-crystalline polymers to micro-
scopic morphological variations can also be easily investigated by this technique. 
In addition to estimating the elastic properties of individual constituents of semi-crystalline 
polymers, this technique can also be used to study plastic resistance of the material and estimate 
the critical resolved shear stress. It is noted in Fig. 5 that because of the wavy morphology in tex-
tured nylon 6, the von Mises equivalent stress at some locations could be 4 to 5 times higher than 
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the applied far field stress. Like in any composite materials, higher stresses always occur in an 
elastically stiffer constituent which, in our case, is the crystalline part. This stress concentration 
will result in an apparently lower yield strength of the material, thus result in an underestimate of 
critical resolved shear stresses. 
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Table 1: Elastic constants of semi-crystalline nylon 6 (GPa) 
p, ::,ent Result Lin and Argon 1 Leung et al.33 
Cll 12.7527 12.7733 7.4625 
C12 11.4107 12.4236 4.9938 
C22 19.5862 19.0171 9.900 
c66 1.3981 0.51125 1.1813 
*Crystallinity of the material used by Lin and Argon1 is 43.3%. 
*Crystallinity of the material used by Leung et al.33 is 39.2%, test temperature was 25°C. 
Table 2: Elastic compliances of transverse isotropic material (GPa-1) 
Converted from Lin 
Leung et al.33 
and Argon1 
S11 0.283 0.292 
S12 -0.086 -0.066 
S13 -0.150 -0.162 
S22 0.163 0.167 
s66 1.338 0.847 
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Table 3: Elastic compliances of the crystalline part (GPa-1 ) 
Present Result Tashiro and Tadadoro8 Sakurada and Kaji34 
s11 0.1973 0.3838 0.877 
S22 0.0395 0.0032 0.061 
S33 0.1969 0.1234 0.877 
s12 -0.0166 -0.0010 
Sh -.01902 -0.1203 
S23 -0.00144 -0.0001 
s66 0.2326 0.4195 
*Tashiro and Tadadoro's values8 are theoretically calculated. 
Table 4: Elastic compliances of the amorphous part (GPa- 1) 
Prevorsek et al. 30 Present Result 
s11 1.430 1.420 
S22 0.427 0.427 







The nine elastic compliances for an orthorhombic material are known as, 
S11 S12 S13 0 0 0 
S12 S22 S23 0 0 0 
S13 S23 S33 0 0 0 
0 0 0 S44 0 0 
(Al) 
0 0 0 0 S55 0 
0 0 0 0 o s66 
where the compliance components Smn are related to compliance tensor Sijkl by 
S11 = S1111, S12 = S1122, S13 = S1133, S22 = S2222, S23 = S2233, S33 = S3333, 
S44 = 4 S2323, S55 = 4S3131, S66 = 4S1212• (A2) 
In order to obtain the transverse isotropic material property with its symmetry axis along the chain 
direction, we assume that the lamellae orientation distribution in the plane normal to the chain di-
rection (1-3 plane in our case) is random. Thus the density of any specific orientation,1{0), is uni-
form over the range of 0=O--21t in the isotropic plane (see Fig. 7 for definition of 0), and can be 
given by 
1 
[(0) = 21e· (A3) 
Then the new transverse isotropic compliance matrix [Smn'l is obtained by integrating the 
orthorhombic compliance matrix over 21t in the plane normal to the symmetry axis, as 
2n: 
[Smn'l = J/(0) [Sm'n'(0)]d0, (A4) 
0 
where [Sm'n' (0)] is the compliance matrix of lamellae with orientation along 0 direction. The 
tensor coordinate transformation is used to obtain [Sm'n' (0)] , such that, 
S ., "'k'l' = [ ., ./ ., ./k'kll'lS · "kl I J I l } J l} • (AS) 
where l;'j 's are direction cosines between i' and j axes, and i, j, k, l = 1,2,3. 
17 
For the configuration we are considering, i.e., the 1-3 plane as the isotropic plane, we have, 
upon performing the integration (A4), 
S12' = S2/ = ~ (S23 + S12) 
S13' = ½<S11+S33) +¾S13-½S55 






Using the values of the orthorhombic compliances by Lin and Argon1, we obtained the five elastic 
compliances for a transverse isotropic material which are given in Table 2. 
18 
Figure Captions 
Fig. 1 Morphology of textured nylon 6 after deep channel-die compression to a compression 
ratio of 3.8 to 4.0: a) Lamellae orientations; b) Lattice orientations. 
Fig. 2 Model used in the current study showing the alternative crystalline and amorphous parts 
in the middle, and the composite to fill up the rectangular configuration.· 
Fig. 3 The finite element mesh of this model. 
Fig. 4 The deformed finite element meshes under: a) plane strain tension along loading direc-
tion 0'~1 ; b) plane strain tension along flow direction cr;2 ; and c) simple shear cr~2. 
Fig. 5 Contours of von Mises equivalent stress O'e under far field tensile stress cr~1 • 
_Fig. 6 Values of the objective function F after different steps of optimization. 
Fig. 7 Conversion from an orthorhombic material to a transverse isotropic material: a) orthor-
hombic semi-crystalline material; b) orientation of a specific lamellae with respect to 
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